Context: There is controversy regarding whether objective neurobiological abnormalities exist after intensive antibiotic treatment for Lyme disease.
L YME DISEASE, A MULTISYStemic infection caused by the spirochete Borrelia burgdorferi, can affect many organs including the central nervous system (CNS). While most patients recover fully when treated with antibiotics soon after infection, patients who are treated months after the initial infection may sustain ongoing problems with fatigue, cognition, and pain despite receipt of a standard course of antibiotics.
1,2 These patients have been described as having chronic Lyme Disease or posttreatment Lyme disease syndrome. 3, 4 Continuing symptoms have been attributed to persistent infection, 3 pathogen-induced autoimmunity, 5 or unrelated processes such as depression, somatization, fibromyalgia, or chronic fatigue syndrome. 4 Objective markers of disease are needed.
Structural imaging studies with magnetic resonance imaging (MRI) in acute neurologic Lyme disease have demonstrated white matter hyperintensities on T2-weighted images similar to those seen in demyelinating or inflammatory disorders. 6, 7 In patients with later-stage neurologic Lyme disease, initial reports indicated that these hyperintensities persist after treatment, but are less prevalent or severe. 8 However, a recent age-and sexmatched control study revealed that patients with later stage Lyme disease do not have a higher frequency of white matter hyperintensities or basal ganglia lesions. 9 In functional imaging studies, hypoperfusion has been reported in small case series of patients with chronic Lyme disease using brain single-photon emission computed tomography (SPECT). Characterized by widely distributed multifocal areas of decreased perfusion in both cortical and subcortical white matter, this pattern is typical of patients with cerebral vasculitis or encephalitis. 10 A case-control study using technetium 99m SPECT compared cognitively impaired patients with Lyme disease with older healthy controls and found multifocal areas of hypoperfusion in the subcortical frontotemporal white matter and basal ganglia as well as in the frontal cortex and cingulate gyrus. 11 Another study compared posttreatment patients with Lyme disease with carefully matched archived controls using the fully quantitative xenon 133 inhalation technique (external detector system). 12 Significant cerebral blood flow (CBF) reductions were noted in compartment-modeled flows primarily reflecting white matter perfusion, particularly in bilateral posterior temporal and parietal lobes.
In the only prior study of brain metabolism in Lyme disease, 23 patients received positron emission tomography (PET) measurement of regional cerebral metabolic rate (rCMR) for glucose. 13 Qualitative clinical readings revealed hypometabolism in 74% of the patients' temporal lobes, but in a subset of these, the frontal and parietal lobes were also affected. However, criteria for diagnosis of Lyme disease were unclear and this study did not include matched healthy comparison subjects.
This limited literature suggests that while structural abnormalities are not likely to be found in chronic Lyme disease, regional functional abnormalities in rCBF and rCMR may be seen. However, each of these functional studies had design limitations that preclude definitive conclusions. Further, no study has yet assessed both cerebral metabolism and blood flow in the same set of patients.
The purpose of this study was to address the lack of systematic data regarding rCBF and rCMR in patients with persistent Lyme encephalopathy, a type of chronic Lyme disease characterized by cognitive deficits that persist or return after antibiotic treatment. In this study, carefully characterized patients were compared with age-, sex-, and educationmatched healthy volunteers (controls) using a series of PET scans in both resting and hypercapnic conditions to obtain full quantification of rCBF and rCMR in the same subjects. Our aims were to determine (1) whether the patient sample wascharacterizedbyaconsistentpatternofabnormality,either globally (whole brain) or regionally, (2) whether abnormalities were consistent or different across both rCBF and rCMR measurements, and (3) whether abnormalities would be accentuatedbythehypercapnicchallenge,aproceduredesigned to increase cerebral blood flow and highlight areas of inadequate vascular reserve. A consistent pattern of deficits across both blood flow and metabolic measurements would suggest a primary dysfunction in metabolism, given the usual close coupling of metabolism to flow. If deficits occurred primarily during rCBF measurement or were significantly accentuatedduringhypercapnia,thedysfunctionwouldbeconsidered largely vascular in origin.
METHODS

PARTICIPANTS
A sample of 35 patients and 17 controls participated in functional brain imaging assessments prior to a placebo-controlled clinical trial of the efficacy of intravenous ceftriaxone in patients. The patients historically met Center for Disease Control clinical and laboratory criteria for Lyme disease, 14 had a currently reactive IgG Western blot, prior treatment including at least 3 weeks of intravenous cephalosporin, and memory impairment. Memory impairment was defined by a demographically adjusted standardized T score on at least 1 index of the Wechsler Memory Scale that was 1 or less SD below the population mean (T score Յ40). 15 Patients were excluded who had a non-Lyme disease-related medical or neurological condition that could explain the memory impairment. On the basis of interviews using the Structured Clinical Interview for Diagnosis 16 and applying DSM-IV criteria, 17 patients were excluded if they currently or historically had any psychotic disorder. Patients with other current psychiatric disorders were excluded if onset of the disorder preceded the onset of Lyme disease. Controls had negative enzyme-linked immunosorbent and Western blot assays for Lyme disease and no evidence of memory impairment, a neurologic disorder, or a current axis 1 psychiatric disorder. The patient and control samples were matched on the mean, variance, and shape of distributions of age and education and the distribution of sex.
Prior to baseline assessment, patients and controls were withdrawn or refrained from all CNS-active medication and alcohol intake for at least 14 days, with the exception of medication for sleep such as lorazepam or zolpidem, for which the period was at least 7 days. Fluoxetine had to be discontinued at least 6 weeks prior to the baseline assessment. The afternoon before the PET and MRI procedures, patients and controls were admitted to the General Clinical Research Unit at the Columbia University Medical Center. Their diet was caffeine-free from admission until completion of the evaluations. Subjects did not smoke during the 12 hours prior to PET assessment.
All participants provided written informed consent, and the study was approved by the institutional review boards of the New York State Psychiatric Institute and Columbia University.
ASSESSMENT PROCEDURES
In addition to the imaging procedures, patients and controls underwent extensive cognitive, neurologic, rheumatologic, and psychiatric examinations. 18, 19 Using either published norms or a reference sample of healthy controls, scores on these tests were z-transformed and adjusted for the effects of sex, age, and education. Each domain score represented the average of the z scores for the primary tests within that cognitive domain. Overall performance was characterized by averaging the 6 domain scores to produce a cognitive index score. The neurological examination, which assessed 5 areas (sensory, motor, cranial nerves, reflexes, and associated motor [cerebellar and basal ganglia] functions) resulted in a summary score (range, 0-5) reflecting the number of areas with at least 1 minor or major abnormal finding. The rheumatologic examination assessed the number of joints in pain either at rest or while in motion. Participants also completed the Beck Depression Inventory-II (BDI-II), 20 Zung Anxiety Scale, 21 Symptom Checklist-90, 22 Fatigue Severity Scale, 23 McGill Pain Scale, 24 and Medical Outcomes Study Short Form-36 25 after the medication-free period. On the basis of a medical history, a cardiovascular disease (CVD) risk factor score was derived following the procedures recommended by the American Heart Association.
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IMAGING PROCEDURES
Oxygen 15 PET
The H 2 15 O and 2-deoxy-2-( 18 F)-D-glucose (FDG) (radioactively labeled water and glucose, respectively) were synthesized in a CTI computer-controlled chemistry process control unit (CTI Inc, Knoxville, Tennessee). Scans were performed with the Siemens ECAT EXACT HRϩ (New York, New York). A 20-gauge Teflon catheter was inserted into the radial artery after examining for adequate collateral perfusion. The patient was then positioned in a fixed head-holding device and a 15-minute transmission scan was collected. Each rCBF measurement consisted of a bolus injection of 12 to 15 mCi of H 2
15
O, followed by a 10-mL saline flush. After tracer arrival in the brain, a count-triggered 90-second emission scan (composed of three 30-second frames) was obtained in 3-dimensional mode. Arterial blood was withdrawn at a constant rate via an automated peristaltic pump and radioactivity was recorded. The scans were reconstructed using standard back-projection, filtering, and measured attenuation. Quantification of CBF (in milliliters per minute per 100 g) followed the autoradiographic technique. 27 For both CBF and CMR, absolute quantification was obtained by submitting the time-activity curves to the algorithms of the commercial PMOD software program (PMOD Technologies Ltd, Zurich, Switzerland). There was a 15-minute interval between serial injections.
Functional imaging scans commenced at the same time of day for all participants (9:30 AM). Urine for toxicology was obtained earlier that morning. Admission to the General Clinical Research Unit the previous afternoon ensured dietary control. The first oxygen 15 ( 15 O) scan was during an eyes-open, earsunoccluded, resting condition (rest: room air). The only auditory stimulation was the background machine noise. Resting instructions were given 3 minutes before injection. This measurement was followed by a second resting assessment also under room air conditions, but with a mouth snorkel in place (rest: snorkel). This condition functioned as a control both for the first rest: room air assessment (same air) and for the hypercapnic challenge (same breathing apparatus). The third assessment involved hypercapnic challenge. Participants breathed 5% carbon dioxide (CO 2 ) mixed in the air from a tank through the snorkel. The CO 2 mixture was administered for 3 minutes prior to the 15 O injection and continued throughout the scan. For each 15 O scan, arterial blood sampling for PaCO 2 was obtained prior to and following the assessment. Peak values were used to characterize the blood gas level during the measurement. Inhalation of CO 2 was chosen over administration of acetazolamide, given the more rapid onset and reversibility of hypercapnic effects with CO 2 , the utility of PaCO 2 monitoring, and uncertainty about the mechanisms of acetazolamide. 28 The FDG scan was performed after the 3 rCBF measurements.
FDG Positron Emission Tomography
The CMR for glucose was assessed during an eyes-open resting condition, with instructions for rest given 3 minutes prior to injection of 5 mCi of FDG. Forty minutes were allowed for uptake and equilibration, followed by a 60-minute PET scan composed of twelve 5-minute frames (3-dimensional acquisition). Arterial samples were repeatedly drawn by pump to derive a time-activity curve and to verify that blood glucose was stable. The scanning procedure resulted in greater than 60 million total counts. Each frame was reconstructed with standard filtered back-projection routines to a resolution of approximately 7 mm full width half maximum. Measured attenuation factors were used for all reconstructions. The frames were mathematically aligned and summed. For FDG, quantification was performed using the Sokoloff autoradiographic method as modified by Phelps.
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Magnetic Resonance Imaging
Magnetic resonance images were acquired using a dedicated 1.5-T GE Signa Advantage system (Chalfont St Giles, England). The PET and MRI data were coregistered to the T1-weighted spoiled gradient recalled images. 30 Results of the MRI analyses will be reported in a separate article.
STATISTICAL ANALYSIS Analytic Strategy
Except where otherwise indicated, the patient and control groups were compared using analyses of covariance (ANCOVAs), with diagnostic group (patient vs control) as the between-subject factor and the 3 matching variables age, sex, and education as covariates. When significant effects of diagnostic group were obtained, the American Health Association (AHA) CVD risk factor score was added as an additional covariate to examine whether effects persisted once controlling for this factor. To explore whether differences in rates of current depressive disorder or severity of depressive symptoms were responsible for the between-group differences, additional secondary analyses were performed. One set excluded those patients who met DSM-IV criteria (n=8) for a current episode of any depressive disorder from the comparisons of the patient and control groups. Another set of secondary analyses added the BDI score to the standard set of covariates to determine whether the betweengroup differences persisted after controlling for the severity of depressive symptoms. All tests were 2-tailed and ␣=.05 was used to determine statistical significance.
Global Effects
For each individual, the functional images were warped into a common probabilistic space. This routine coregistered the PET images to an MRI template derived from the structural images of an independent sample of control participants. The voxels in the probabilistic space had previously been identified as representing gray or white matter using an automated segmentation algorithm, and average CBF and CMR values were calculated for these tissue types. The ANCOVAs were conducted comparing the Lyme disease and control groups in global gray matter CBF and CMR values.
Distribution of Topographic Differences
Previous imaging studies have suggested that patients with Lyme disease show scattered abnormalities in CBF or CMR that may appear in gray or white matter and for which location may not be consistent across individuals. Marked but topographically inconsistent deficits would be missed by standard analytic paradigms, and we developed a new approach to address this issue.
All of the PET images were carefully checked for scan artifacts and were motion corrected. The images were registered to Montreal Neurological Institute space as implemented by Statistical Parametric Mapping (SPM99; Wellcome Trust Center for Neuroimaging at University College of London, London, England). 31 The image intensity values of the controls at each voxel were normalized so the mean at each voxel was 0 and the standard deviation was 1. The distributions in the control group were then imposed on the patient group using a standard z transformation. Thus, the globally normalized CBF or FDG z statistic at each voxel reflected the extent of the difference from average in the control sample in units of standard deviation. For each individual, the number of voxels were counted that represented varying degrees of departure above or below the average values for controls. In this way, the groups could be compared in overall number of voxels with extreme values regardless of location.
Traditional Topographic Analyses
The SPM99 software was used to examine differences between the patient and control groups in the topography of rCBF and rCMR values. A Gaussian kernel of 11 mm full width half maximum for 15 O images and 7 mm full width half maximum for FDG images was applied to spatially smooth the images. Images of raw counts were used instead of quantified data and normalized to the scan mean. The global mean across voxels was proportionally scaled to 50 and the analysis threshold, applied to normalized data, was set to a 0.8 proportion of the global mean. The overall height threshold for identifying potentially significant clusters was set to P Յ.01, with an extent threshold of 25 voxels. A z value of 3.0 or greater was required for considering a cluster significant. As before, age, sex, and education level served as covariates in all between-group analyses. These thresholds reflected a conservative choice in identifying areas of between-group significant difference. The availability of 2 resting rCBF measurements, an rCBF measurement under hypercapnia, and a measurement of rCMR allowed for determination of the reliability of the rCBF resting deficits, their expression during hypercapnia, and coupling with metabolic abnormalities.
RESULTS
At baseline, the patient and control groups did not differ in the matching variables, age, sex, and education level ( Table 1) . Nonetheless, the patient group reported more severe pain and fatigue and greater impairment in physical function, performed worse on neurocognitive testing, and, on examination, had more joints with pain and more areas of neurologic abnormality. They also reported greater severity of depression and anxiety and, by DSM-IV diagnosis, presented with a higher rate of having a current episode of a depressive disorder.
GLOBAL CMR AND CBF AT REST
The groups did not differ in estimates of resting global CMR ( Table 2) while controlling for age, sex, and education level (F 1,39 =0.45; P=.65). The patient group had significantly higher whole-brain CBF than the control group in the initial resting condition (F 1,40 =7.28; P=.01), but not in the subsequent snorkel (F 1,34 =2.58; P=.12) or hypercapnic (F 1,28 =0.09; P=.77) conditions. This same pattern held when the whole-brain voxels were segmented into gray and white matter tissue types and when the CVD risk factor score was added as a covariate (data not shown).
The higher global CBF values in patients during the first room air resting measurement may have reflected a "first run" effect. When comparing global CBF during the first room air and the subsequent snorkel condition, the patient group showed a significant decrease (t 26 =2.79; P Ͻ .01), while the control group had no change (t 10 =−0.26; P =.80). During a secondary analysis, when the patients with a current diagnosis of a depressive disorder (n=8) were excluded, the between-group difference in global CBF during the first resting measurement was no longer significant (F 1,32 =1.75; P=. 19) . When BDI scores were added as a covariate, the patterns in Table 2 were essentially unaltered.
GLOBAL CBF AND HYPERCAPNIC REACTIVITY
The patient group showed diminished hypercapnic reactivity when the first resting measurement was used as the baseline. The 23 patients who had fully quantified resting and hypercapnic measurements had a mean (SD) decrease of 3.82% (14.21%), while 9 controls showed an increase of 32.31% (45.58%) (F 1,27 = 7.27; P = .01). However, as noted earlier, CBF in patients was elevated at the first compared with the second measurement. Nonetheless, when the second measurement (snorkel condition) was used as the baseline, the 23 The diminished hypercapnic reactivity in the patient sample could not be attributed to differences in CO 2 inhalation, as reflected in blood gas values. The 2 groups did not differ in peak PaCO 2 values during any of the 3 measurements, nor in the percentage of change in these values during hypercapnia relative to the 2 earlier measurements (all P Ͼ .09). The diminished reactivity in the patient sample remained significant (both PϽ .01) when the percentage of change in PaCO 2 was added as a covariate to the ANCOVAs on the percentage of change in CBF during hypercapnia relative to either of the preceding resting measurements. Excluding patients with a current diagnosis of a depressive disorder or adding BDI or AHA CVD scores as a covariate did not alter these patterns.
DISTRIBUTION OF EXTREME VALUES
The patient and control groups did not differ in repeated measures ANOVA on the distribution of CMR z scores for gray matter voxels (Figure 1 ) (F 2.08,93.57 =1.21; P=.30). Although the distribution for patients was shifted slightly to the left, suggesting a larger number of voxels with reduced CMR, this analysis indicated that, independent of topography, there was not an excess of voxels with low or high CMR in either group across all brain regions. The same pattern occurred in all of the CBF analyses (Figure 1 ), none of which yielded an interaction between diagnostic group and z score bin (all PՆ .18). In contrast, the z bin analyses consistently yielded significant effects of age, sex, and education level (P Ͻ .05). Whole-brain z bin distributions were also consistently found to be a function of the CVD risk factor score when this score was added as an additional covariate (PϽ.05).
TOPOGRAPHIC ANALYSES FDG Rest
Based on a sample of 33 patients and 17 controls, 12 clusters involving 3049 voxels were identified in the SPM covariance analysis with patients having lower FDG than controls (Table 3; Figure 2 ). There were 3 clusters, involving 680 voxels, where CMR was higher in patients than in controls. The FDG regional pattern had notable similarity to the group differences in CBF (see below). Across the CMR and CBF analyses, there were widely distributed reductions in left prefrontal and bilateral posterior gray and white matter areas. The largest clusters of reduced CMR in patients were located in the left temporal and frontal areas as well as the right cingulate. Notably, there was little evidence of CMR reduction in patients in the right prefrontal cortex; this was mirrored in the CBF analyses. Of the 3 clusters showing increased CMR in patients, the ones in the right occipital lingual gyrus and the right frontal gyrus were also seen in the CBF conditions (Figure 2 ). Contrary to the CBF analyses, a relative CMR increase was also observed in patients in the left insula. In addition to the main effects of diagnostic group, there were marked main effects of each of the covariates on CMR. Excluding patients with a current diagnosis of a depressive disorder or adding BDI or AHA CVD scores as a covariate did not alter these patterns. Lower CMR in widespread regions was associated with advanced age (9 clusters, 19 539 voxels), male sex (19 clusters, 5649 voxels), and fewer years of education (11 clusters, 2103 voxels). There were few significant clusters opposite in direction.
CBF Rest: Room Air Condition
The SPM covariance analysis contrasting patients (n=35) and controls (n = 17) yielded 9 clusters involving 2828 voxels, where CBF was greater in controls than in patients (Table 3 ; Figure 2 ). Patients had higher CBF than the control group in only 1 cluster, involving 222 voxels. The CBF reductions in patients pertained to both cortical gray matter structures and underlying white matter and were mainly distributed in left frontal (Brodmann area [BA] 10) and bilateral temporal and occipital regions. In particular, the right prefrontal cortex appeared to be spared or elevated in the patients with Lyme disease, while bilateral posterior and left parahippocampal areas were most affected. The 1 area of increased CBF in patients relative to controls was in the right medial frontal gyrus (BA 10).
CBF Rest: Snorkel Condition
Data were available for 29 patients and 14 controls. An SPM subtraction analysis was conducted contrasting CBF profiles in the resting snorkel and preceding resting room air conditions. A highly circumscribed pattern was observed across and within the diagnostic groups. Cerebral blood flow was markedly higher in the snorkel condition in the left and right sensorimotor cortices. There were no CBF increases in the room air relative to the snorkel condition. This indicated that the principal effect of the snorkel condition was to increase CBF in primary sensorimotor areas, presumably reflecting stimulation of the mouth. Effectively, with this difference aside, the snorkel condition could be considered a second resting measurement.
To determine whether the pattern of baseline topographic abnormalities was consistently observed across the measurement conditions, an SPM analysis was conducted contrasting patients and controls, restricting the data to the snorkel condition. There were 9 clusters involving 2363 voxels in which patients had lower CBF than controls ( Table 3) . Inspection of Figure 2 suggested that the pattern of CBF abnormality in patients was similar in the snorkel and room air conditions. There were only 2 significant clusters, involving 240 voxels, in the opposite direction.
CBF Hypercapnia
Data from the hypercapnic manipulation were available for 24 patients and 10 controls. As in the analysis of the snorkel condition, there was a marked bilateral increase in sensorimotor cortex when the hypercapnic and first resting room air condition were contrasted, with no change in topography when the hypercapnic and snorkel conditions were compared. Thus, relative to the first room air condition, the major topographic change in the 2 subsequent conditions reflected activation of the sensorimotor cortex, presumably due to motor and sensory effects involved in use of the snorkel. When the SPM analysis was conducted solely on the data from the hypercapnic condition, there were 15 clusters involving 8589 voxels in which patients had lower CBF than controls. The pattern of CBF abnormality in patients was amplified relative to either of the prior resting measurements. Inspection of Figure 2 suggested that the abnormalities observed under the resting conditions were expressed more widely with the hypercapnic manipulation as opposed to involving a new pattern of deficits. There was only 1 significant cluster in the opposite direction, involving 224 voxels, with patients showing higher relative CBF in the right superior frontal gyrus gray matter.
CBF Analyses: Covariates
As in the CMR analysis, each SPM analysis contrasting the patient and control groups in the 3 CBF conditions used age, sex, and education as covariates. Each of these analyses yielded marked effects for each covariate. For example, in the first resting measurement, advanced age (10 clusters, 18 492 voxels), male sex (19 clusters,14 655 voxels), and fewer years of education (8 clusters, 2922 voxels) were each associated with widely distributed CBF reductions. There were few significant effects in the opposite direction. These effects were also highly consistent with the CMR findings. The between-group differences observed in each of the CBF conditions were essentially unaltered when excluding patients with a current diagnosis of a depressive disorder or adding the BDI or AHA CVD score as an additional covariate.
COMMENT
This study examined the differences in CBF and CMR between demographically matched controls and patients with objectivecognitiveabnormalitieswhohadawell-documented history of Lyme disease that had been previously treated with at least 3 weeks of intravenous antibiotic therapy. These patients reported that their cognitive symptoms emerged aftercontractingLymediseaseandthattheirsymptomseither returned or persisted despite prior treatment. Prior reports had suggested that patients with later-stage Lyme disease have patchy hypoperfusion in the CNS that is similar to what one would see in a condition resulting in CNS vasculitis. 10, 32 This patchy hypoperfusion could reflect either a true vasculitic process or an alteration in vascular demand as a result of diffuse and scattered metabolic deficits.
The SPM analyses revealed that, compared with controls, the patients had substantial differences in specific brain regions of blood flow and metabolism. There were only a few areas involving a relatively small number of voxels in which patients showed higher CBF or CMR than controlsspecifically, the right frontal gyrus (BA 9 and BA 10). On the other hand, many areas showed lower CBF and CMR in the patient group-specifically, bilateral gray and white matter in temporal, parietal and limbic regions and the left frontal cortex (Table 3 ; Figure 2 ). These findings are congruent with prior articles that described hypofunction, particularly in the temporal area, in patients with Lyme disease. [11] [12] [13] Notably in this study, deficits were rare in the Table 3 have been associated with symptom complexes common to patients with Lyme encephalopathy including problems with language fluency (BA 22, 39, and 40), executive functioning and working memory (BA 9 and 10), memory encoding and retrieval (BA 10, 30, and 36), visual attention (BA 19), spatial orientation (BA 7), emotional processing of pain (BA 13), and regulation of autonomic function and rational cognition (BA 24).
Compared with controls, the patients with Lyme encephalopathy did not have a randomly scattered excess of either extreme hyperfunction or hypofunction in either cerebral blood flow or metabolic rate. Although the analytic method we developed was sensitive to demographic factors such as age and sex that diffusely affect CBF and/or CMR, there was no evidence in this study that the patient group was characterized by an excess of extreme values.
These findings suggest that a distributed network or set of networks is abnormal in individuals who have persistent symptoms after conventional treatment of Lyme disease. Rather than a randomly scattered distribution of heterogeneous hypoperfusion that varies significantly from person to person, the deficits were sufficiently large and consistent in the patient group for SPM to reveal multiple regions where patients had lower CBF and CMR and a much smaller set of deficits where patient CBF and CMR exceeded controls. Furthermore, the consistency of these deficits across 4 measures of brain function (1 CMR and 3 CBF) supports the reliability of the findings and the notion that a uniform disease process was responsible for the abnormalities.
There was little evidence in this study to suggest that patients had a global deficit in resting blood flow or metabolism. Although the first resting room air CBF measurement revealed a global increase in the patient sample, this difference did not persist through the second resting room air: snorkel measurement. Higher global functional activity is often seen in a first resting measurement relative to subsequent measurements and has usually been attributed to the greater emotional reactivity with the initial measurement. 33, 34 Supporting the hypothesis that measurement anxiety may have accounted for the higher CBF seen at the first but not the second measurement was the observation that an elevated measurement during the first resting procedure was no longer noted when the 8 patients with a comorbid depressive disorder were excluded.
When either the first or second resting CBF condition was used as a baseline to assess the CBF response to the hypercapnic challenge, the patients showed diminished vasodilation relative to the control group. Diminished vasodilation may occur because perfusion pressure is already maximal or because the vasculature is otherwise compromised. Some of the dysfunction in neurologic Lyme disease may result from inflammatory changes in CNS blood vessels-a hypothesis supported by case reports of diffuse or focal vasculitides and strokes [35] [36] [37] attributed to Lyme disease and by perivascular inflammation noted in brain biopsies of patients with Lyme disease. 38 However, while the results suggest that a vascular disease process was active in the patient sample, the patients and controls did not differ in global CBF during the hypercapnic assessment. The observation of a hypercapnic deficit in patients was likely owing to higher absolute global values in the patient groups in the 2 prior resting measurements, although this difference only achieved statistical significance for the first resting measurement. Furthermore, the deficits seen during hypercapnia, while broader and more extensive than those seen during any of the other CBF or CMR measurements, did not reflect a change in pattern as much as a widening of the boundaries of the areas of deficits observed in the other CBF and CBF assessments (Figure 2 ). These observations suggest that there was strong coupling between the CBF and CMR deficits and that the regional abnormalities observed in this study were primarily metabolically driven.
The few controlled MRI studies of posttreatment Lyme disease are consistent with the impression that the persistent brain effects are not primarily due to structural vasculardisease.OneMRIstudy 9 thatusedT1,T2,fluid-attenuated inversionrecovery,anddiffusion-weightedimagingsequences found no significant difference in the number of structural abnormalities in patients with posttreatment Lyme disease compared with age-and sex-matched controls and no relationship with the number of lesions and the duration of disease.AsecondMRIstudy 39 foundnodifferenceinthemean or peak magnetization transfer ratio between patients with posttreatment Lyme disease and controls, indicating that the multifocal perfusion deficits previously reported on SPECT imaging and now demonstrated with PET imaging are not associated with detectable structural damage.
This study does not address whether the imaging abnormalities reflected persistent B burgdorferi infection as opposed to a postinfectious process. We also cannot prove that the imaging abnormalities might not be accounted for by another unexamined variable in which the groups differed. For example, we examined whether depression might have accounted for the differences because it is well known that depression is associated with functional imaging abnormalities. [40] [41] [42] In this case, the functional imaging findings were unaltered when individuals with depressive comorbidity were removed from the patient sample or when scores on the BDI were used as a covariate. Similarly, the findings were unaltered after controlling for cerebrovascular disease risk factor scores. Finally, although patients reported developing cognitive problems only after getting Lyme disease, we cannot be certain that the identified brain regional abnormalities were not present prior to infection. The consistency of the regionally specific abnormalities in CBF and CMR, however, support the likelihood that the observed dysfunction reflects a unitary etiology that resulted in either sustained damage from prior infection with B burgdorferi or an ongoing CNS disease process.
The areas of prominently reduced metabolism and blood flow in our study were the temporal-parietal and limbic areas bilaterally as well as the left frontal cortex. The results of this study are congruent with clinical series that have described multifocal areas of hypofunction in both cortical and subcortical white matter, particularly in the temporal lobes. [11] [12] [13] Although helpful in confirming objective central nervous system abnormalities in a patient with a history of Lyme disease, this pattern of hypofunction is nonspecific and cannot be used to make the diagnosis of Lyme encephalopathy. Indeed, a pattern of multifocal cortical and subcortical hypofunction can occur from other causes as well, such as chronic cocaine use, human immunodeficiency virus infection, and systemic lupus erythematosus.
